The metabolic response to injury includes major alterations in protein metabolism; however, little is known about alterations in the synthesis of individual proteins and their role in the stress response. Our aim was to study how individual proteins in liver and muscle are altered by abdominal surgery. Changes produced in mRNA and proteins by abdominal surgery were studied in rats using RAP (random arbitrary priming)-PCR, to investigate mRNA alterations, and standard or isotopic (with in vivo radioactive labelling of proteins) two-dimensional electrophoresis/MS proteomic analyses, to study differential expression of proteins. Many of the differentially expressed proteins identified in blood were specifically synthesized by the liver to participate in the stress response. The hepatic proteins (antioxidant proteins, serine protease inhibitors, acute-phase proteins and transport proteins) were secreted into the bloodstream to produce a systemic action, indicating the central role of the liver in the stress response. Overexpressed proteins identified in liver were associated with the glycolytic processes and the folding of nascent proteins, confirming the high metabolic activity of the liver after surgery. The role of skeletal muscle protein as an amino acid donor to fuel the processes involved in the stress response was shown by the decrease in highmolecular-mass myofibrillar proteins. Combined use of the three techniques studied, differential RAP-PCR and standard and isotopic proteome analysis, provided complementary information on the differentially expressed proteins in a rat model of surgical stress.
INTRODUCTION
The organism reacts to surgery with a non-specific metabolic response [1] [2] [3] [4] [5] [6] . This stress response is maintained over several days, depending on the severity of the insult. The most conspicuous metabolic alteration after surgery is a considerable change in whole-body protein metabolism, resulting in significant protein loss [3, 4, 7] . The stress response, although important for the recovery of the organism, is a key factor in morbidity and mortality after injury [8] .
Conventional determination of whole-body or organ protein synthesis and breakdown rates [7] provides little information on the precise metabolic changes that occur during the stress response. Parallel use of transcriptomic and proteomic approaches allows a comprehensive study of the differential synthesis of individual proteins, and can gauge the extent and complexity of this stress response at both the mRNA and protein levels [9] . It is accepted that findings from transcriptomic and proteomic studies are not necessarily redundant, since cellular mRNA levels are often unrelated to the actual amount of functional proteins produced [10, 11] . Thus this combined approach would provide a more accurate description of the proteins involved in the stress response and important insights into their metabolic meaning.
The central tissues involved in the stress response in terms of protein metabolism are liver and skeletal muscle. Many of the proteins synthesized by the liver are secreted into the circulatory system, and the study of serum proteins can provide information on secreted hepatic proteins. The liver responds to any severe insult to the organism with a high increase in protein synthesis, and secretes a set of proteins (acute-phase proteins) into the blood designed to cope with the threat [8] . In addition, considerable changes are produced in liver carbohydrate and lipid metabolism [12] . Moreover, the gut (during the first 24 h after injury) [13] and skeletal muscle (afterwards) change their usual roles and act as passive donors of amino acids. Glycogenic amino acids from muscle and gut are converted into glucose and used by key organs as a source of energy [8] . Muscle glutamine is also used as fuel by the kidney [14] . All these alterations should be reflected by changes in the concentration of individual liver, serum and muscle proteins.
In the present study, we investigated the effect of surgical stress on proteins in an experimental rat model of abdominal surgery by two different approaches: a transcriptomic approach, measuring the differential expression of mRNA with RAP (random arbitrary priming)-PCR, and a proteomic approach, detecting differential proteins with 2D (two-dimensional) gel electrophoresis and MS.
A major drawback of RAP-PCR is that it may not accurately reflect actual alterations in protein synthesis, since the mRNAs detected are dependent on the primers used, and some over-or under-expressed mRNA might not be detected [11] . In comparison, the proteomic approach, although more complex and less sensitive to small changes, gives a direct picture of alterations in protein content [15] . The method commonly used in differential protein expression analysis, standard 2D gel electrophoresis with Coomassie or silver stain, provides information on the concentration of individual tissue proteins at the moment of sampling. Alterations in synthesis rates for proteins with rapid turnover are accurately reflected in the protein concentration. However, expression changes are less evident or even imperceptible for abundant proteins with a slow (relative to the experimental time frame) turnover. To study the synthesis rate alterations in these proteins, we labelled them by administering l-[
35 S]methionine after surgical injury. Radioactive detection reveals only the proteins synthesized after the injury, without the basal interference caused by proteins present before surgery. Nonetheless, the standard non-radioactive proteomic approach was also used in order to gain information on protein clearance by breakdown, secretion (liver), excretion or tissue uptake (blood).
MATERIALS AND METHODS

Experimental design and surgical model
Inbred Wistar-Kyoto rats, weighing 180-220 g, were maintained from 1 week before the study in a temperature-, humidity-and noise-controlled room, fed ad libitum with standard chow, and submitted to 12 h light/ dark cycles. Study rats were surgically stressed according to a previously published procedure accepted as a model for surgical stress [16] . Briefly, rats were anaesthetized using fentanyl (300 µg/kg of body weight) plus medetomidine (300 µg/kg of body weight) given intraperitoneally before surgery. The surgical stress model consisted of a medium laparotomy, followed by extraction and manipulation of the intestine for 10 min, extraction of 3 ml of blood and suture of the surgical wound. This operation is considered a severe model of surgical stress in the rat [16] . Saline (3 ml) was injected under the skin to compensate for the fluid loss. After recovery, the rats were housed in individual cages with free access to water and standard chow until being killed. This experimental model mimics the combined effects of trauma, blood loss and intestinal and mesenteric manipulation produced during human abdominal surgery (i.e. colon resection), plus the low intake/low mobility period following surgery.
The experimental procedure was performed according to the current regulations on animal experimentation, and approved by the Animal Experimentation Ethics Committee of Vall d'Hebron Hospital.
Differential mRNA expression and standard proteomic analyses
Eight study rats were killed 6, 24, 48 and 72 h after surgery. Six unstressed not operated rats from the same batch were killed simultaneously: two to act as controls ( Figure 1 ) and four to check the genetic homogeneity. Rats were decapitated and the liver and quadriceps muscle were extracted quickly using sterile surgical material, thoroughly rinsed in ice-cold RNAse-free PBS, immersed in liquid nitrogen and stored at − 80
• C until analysis. Blood was collected, allowed to coagulate and the serum stored at − 80
• C.
Isotopic proteomic analyses with in vivo labelling
Two rats were surgically stressed, injected with 46. (Amersham Biosciences) immediately following surgery and 24 h later, and killed 48 h after surgery. Two rats from the same batch were injected simultaneously with the same dose of tracer, but not operated on, and killed 48 h after the first dose to act as controls ( Figure 1 ). Tissues were processed immediately to minimize the loss of sensitivity caused by radioactive decay.
Differential mRNA expression
Total RNA was extracted from frozen liver and quadriceps muscle by the guanidinium thiocyanate method [17] . Polyadenylated selected RNA was isolated using mRNA purification kit (QuickPrep TM Micro mRNA purification kit; Amersham Biosciences).
Total RNA from liver and quadriceps muscle was processed as described by Ralph et al. [18] with some modifications. Briefly, 0.5 µg of mRNA was denatured at 70
• C for 10 min and placed on ice before cDNA synthesis. Four different reverse transcription reactions were performed using arbitrary primers: A, 5 -TTG-GGTGTGGTCTCT-3 ; B, 5 -CAGCATTTCTCAT-CC-3 , C, 5 -TTCGGGGGCCAGCTA-3 ; and D, 5 -G AAAGCACCCGTATG-3 , with MoMLV (Moloney murine leukaemia virus) reverse transcriptase (Promega) following a described protocol [18] . A portion (5 µl) of the reverse transcriptase reaction was mixed with a buffer containing 50 mM KCl, 10 mM Tris/HCl (pH 8.3), 1.5 mM MgCl 2 , 0.04 mM of each deoxynucleoside triphosphate, 0.1 mCi/ml [α 33 P]dATP, 1 unit of Taq polymerase and 1 µM of each of the primers, in a final volume of 25 µl. The reaction mixtures (one for each arbitrary primer) were subjected to 94
• C for 5 min for denaturation, followed by two low-stringency PCR cycles (94
• C for 5 min, 40
• C for 5 min and 72
• C for 5 min) and by 40 high-stringency PCR cycles (94
• C for 1 min, 60
• C for 1 min, and 72
• C for 2 min), with a final extension of 72
• C for 7 min. A portion (2 µl) of each reaction was mixed with loading buffer (stop solution; USB Corporation) and denatured at 65
• C for 2 min, loaded into a 6 % (w/v) acrylamide/8 M urea sequencing gel, and electrophoresed at high voltage until Xylene Cyanol dye reached the bottom of the gel. The gel was then dried and exposed to Hyperfilm-MP X-ray film (Amersham Biosciences). Bands were considered differentially expressed when changes were observed in stressed rats with respect to control rats and this change was present at different times of stress. Differentially amplified RAP products were excised from the gel, eluted and re-amplified as described previously [18] .
Preparation of clones
To check for homogeneity, the differential RAP bands were excised and, together with GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and 18 S probes, were cloned into pGEM-T TM vector (Promega). When possible, ten independently isolated colonies were picked for each RAP, and plasmid mini-preparations were made using the Wizard TM Plus SV Minipreps DNA purification system (Promega). Clones were checked for inserts by PCR, followed by agarose gel electrophoresis. Probes were excised from the plasmid with EcoRI and purified from the agarose gel with the Concert TM rapid gel extraction system (Life Technologies). GAPDH and 18 S probes were obtained with the following primers: GAPDH (forward, CGATCCCGCTAACATCAAAT and reverse, GGATGCAGGGATGATGTTCT); 18 S (forward, TGAGGCCATGATTAACAGGG and reverse, AGACAAATCGCATCCACCAAC).
Northern blot analysis
To verify if the differential RAP bands cloned were truly differential, 15 µg of total RNA was electrophoresed on a 6.5 % formaldehyde/1.4 % agarose gel, blotted to Hybond N nylon membranes (Immobilon TM -NY+; Millipore) and labelled with random primer DNA labelling Mix (Biological Industries) at 42
• C in 50% formamide. After hybridization, filters were washed four times at room temperature for 10 min in 2× saline sodium citrate/0.1 % SDS, followed by 1 h at 50
• C in 0.2× saline sodium citrate/0.1 % SDS.
Sequencing and identification of differential products
Identification of the differentially expressed cDNA products was done by sequencing them with the dRhodamine Terminator Cycle Sequencing Ready Reaction (PerkinElmer) and comparing the results with those in the GenBank ® database using the BLAST program.
Differential proteomic analysis
Standard proteomic analysis: protein abundance
To perform 2D electrophoresis, 100 mg of frozen tissue (liver or muscle) was homogenized in 2 ml of lysis solution (8 M urea/4 % CHAPS/40 mM Tris) using a Potter-Elvehjem homogenizer at 1000 rev./min on ice. The suspension was centrifuged for 1 h at 21 000 g, and the pellet was discarded. Protein concentration was determined in the supernatant or serum using the bicinchoninic acid method (Pierce).
To run the first dimension (isoelectric focusing PAGE), tissue protein extracts or sera obtained from coagulated blood as described above were mixed with rehydration solution [8 M urea/2 % CHAPS/0.28 % DTT (dithiothreitol)/0.5 % ampholine buffer pH3-10 (IPG buffer 3-10; Amersham Biosciences) and 0.002 % Bromophenol Blue] to obtain a concentration of 100 µg of protein/125 µl of solution. The mixture was spread on a 7 cm ceramic holder (Amersham Biosciences). A 7 cm dry strip of polyacrylamide gel with immobilized 3-10 pH gradient (Immobiline DryStrip 3-10L; Amersham Biosciences) was placed over the protein solution. The gel was allowed to rehydrate for 12 h and the first dimension isoelectric focusing was run in an IPGphor TM system (Amersham Biosciences). The electrophoretic conditions were 30 min at 500 V, 30 min at 1000 V and 1 h at 8000 V. Gel strips with the focused proteins were then allowed to equilibrate for 15 min with 10 ml of equilibration SDS buffer (50 mM Tris/6M urea/30 % glycerol/2 % SDS/1 % DTT/0.002 % Bromophenol Blue). To run the second dimension, the equilibrated strips were placed on a 1 mm thick 8 cm × 7 cm SDS/PAGE gel (12.5 % T; 2.6 % C) and sealed with agarose. The second dimension SDS/PAGE was run in a Protean 3 cell (Bio-Rad Laboratories), using Tris/glycine/SDS buffer (25 mM Tris/192 mM glycine/0.1 % SDS) for 1 h at 200 V. Gels were stained with Coomassie Blue (BioSafe; Bio-Rad Laboratories) and digitized using an Agfa T1200 scanner. Although less sensitive than silver staining, Coomassie staining was used because it has a greater dynamic range and, in addition, the larger amount of protein used facilitates the MS analysis.
Isotopic proteomic analysis: protein synthesized after surgery
The sample preparation and analytical procedure for 2D electrophoresis was identical with that employed for the standard proteomic analysis described above. After 2D electrophoresis, gels were vacuum dried over paper at 80
• C and radioactivity was detected with an Imaging screen-K (Bio-Rad Laboratories) phosphor screen, exposed for 1 week. The screen was digitized using a Molecular Imager ® (Bio-Rad Laboratories).
Image analysis
Digitized Coomassie-stained or radioactively detected images were analysed using PDQuest ® 6.2 software (BioRad Laboratories). Two replicate 2D gels from two paired animals for each situation were automatically analysed by the software. Spot assignment was checked and validated individually by visually inspecting each spot detected by the program and eliminating the incorrectly assigned ones (artefacts caused by specks, irregular spot shape, streaks, bubbles, etc.). The software identified each spot with a separate number, preceded by 'c' for the standard proteomic analysis (detected with Coomassie stain), and 'r' for the isotopic proteomic analysis (detected by radioactive emission). Individual spot intensity was normalized against the sum of intensity of the detected spots. Gels were matched and grouped. The software performed an automatic differential analysis between groups of two gels using the 2-fold variation criterion. Spots selected by the software as differentially expressed were checked individually by visual inspection in all gels to verify the software assignments. Validated spots were excised for MS analysis.
Protein identification by MS
To identify individual proteins, 16 cm × 20 cm gels were prepared to facilitate excision of proteins from the gels and to minimize the probability of contamination by neighbouring spots. 2D gels were prepared from frozen tissue samples treated as described above. Homogenized samples were mixed with rehydration solution to achieve 600 µg of protein in 350 µl of solution. The mixture was spread on an 18 cm ceramic holder (Amersham Biosciences). An 18 cm dry strip of polyacrylamide gel with immobilized 3-10 pH gradient (Immobiline DryStrip 3-10, Amersham Biosciences) was then placed over the protein solution. The gel was allowed to rehydrate for 12 h and the first dimension isoelectric focusing was run in the IPGphor TM system with the following gradient: 1 h at 500 V, 1 h at 1000 V and 4 h at 8000 V. The strips were then allowed to equilibrate for 15 min with 10 ml of SDS equilibration buffer. The equilibrated strip was placed on a 1 mm thick 16 cm × 20 cm SDS/PAGE gel (12.5 % T; 2.6 % C) and sealed with agarose. The second dimension SDS/PAGE was run in a water-refrigerated Protean II xi cell (Bio-Rad Laboratories), using Tris/glycine/SDS buffer, for 15 min at 10 mA/gel and 5 h at 40 mA/gel. Gels were stained with Coomassie Blue.
Selected spots were excised with a scalpel. Proteins in the spots were in-gel reduced with 10 mM DTT and alkylated with 55 mM iodoacetamide. In-gel enzymic digestion was performed overnight with trypsin (Promega).
Protein identification was carried out by peptide mass fingerprinting in a MALDI-TOF (matrix-assisted laserdesorption ionization-time-of-flight) mass spectrometer (Voyager TM DE-PRO; Applied Biosystems). When no clear 'hit' was obtained by MALDI, identification was carried out by peptide sequence analysis in an LCQ ion-trap mass spectrometer (Thermo) provided with a nanoelectrospray source (Protana TM ) [19] . In this case, MALDI-TOF data were used to select peptides for tandem MS fragmentation, even when the peptides could not be observed in the nanospray spectra. In all cases Protein Prospector software was used for data mining in the Swiss-Prot database. Failed searches were also submitted for homology search.
RESULTS
Differential mRNA expression
To check whether inbred animals displayed polymorphisms at the mRNA level, RAP-PCR was performed on liver and muscle of control and stressed male WistarKyoto rats. RAP fingerprints showed no differences between animals in the same group. The RAP-PCR analysis of liver and muscle using primers A, B and C in three control animals generated the same fingerprint in each tissue, regardless of the rat tested. Although the RAP-PCR pattern was specific, some common individual bands corresponding to genes expressed both in liver and muscle were apparent in the profile.
Eight RAP-PCR analyses were performed using four different primers in liver and muscle samples from control and stressed rats. No differential bands were found using primers C and D in either liver or muscle, whereas primers A and B produced treatment-specific bands in both tissues (Figure 2 ). The maximum increase was found between 6 and 24 h after stress in liver and at 24 h in muscle. Only bands that were consistently differentially expressed between control and stressed animals were excised from the sequencing gels for subsequent analyses. Since each band might contain more than one gene and because more than one transcript might be found on Northern blots, bands were cloned, single colonies were selected and individual fragments were excised from clones and assayed again as probes in filters containing 15 µg of RNA using Northern blot analysis. With this technique, up-regulated products were found 6 and 24 h after surgical stress. Sequence analysis and comparison against the GenBank ® database using the BLAST program revealed that the different clones corresponded to the genes shown in Table 1 . The primer column in Table 1 indicates the random oligonucleotide that was used to generate each cDNA clone. Table 1 shows the highest identity of the longest fragment that matched the database sequence.
Northern blot analyses were normalized with the 18 S RNA internal control gene. GAPDH was first proposed as the internal control gene, but Northern blot analysis showed an increase in GAPDH at 6-24 h after stress in both tissues, indicating that the gene was influenced by stress ( Figure 3) . As a result, GAPDH was not used as the internal control gene.
Table 1 Identification of differential cDNA clones obtained by RAP-PCR
Ten colonies were picked for each RAP differential band and, after checking inserts for homogeneity and differences by Northern blot, the cDNA products were sequenced and compared with the GenBank ® database using BLAST program. % ID, percentage identity. Figure 3 Northern blot analysis using a GAPDH probe in muscle and liver mRNA GAPDH expression was increased after surgical stress compared with control rats (0 h). In liver, GAPDH mRNA levels returned to baseline 48 h after stress, whereas, in muscle, the increase persisted. Results of mRNA GAPDH expression were normalized using 18 S RNA expression.
Differential protein expression analysis
Standard proteomic analyses showed that the optimum time point to study changes in protein concentration was 48 h after surgery, when the greatest changes were observed in serum. The loss of spots c1802 and c2804 was complete 48 h after surgery in muscle, whereas they were detected 24 h after surgery. There were no apparent differences in the protein map between 48 and 72 h after surgery. The time point of 48 h for maximum protein alteration is in agreement with previous experiments [20, 21] and with the optimum time of 24 h observed for differential mRNA synthesis, which should precede maximum protein synthesis.
Muscle
The radioactive signal was very weak in muscle compared with serum or liver, probably indicating a low rate of protein synthesis (Figure 4 ). The analysis software detected only two differentially expressed spots that were decreased in the isotopic proteomic analysis ( Figure 4 ) and none were identified by MS. Spot r3606, although not identified by MS, was in the area occupied by the actin smear and showed a considerable decrease. Standard proteomic analysis detected three spots that were increased and eight spots that were decreased. Three spots were identified: spot c5401 (β-enolase) that increased and two large high-molecular-mass spots
Figure 4 Muscle proteome analysis in controls and 48 h after surgery showing total protein content (standard Coomassie staining) and proteins synthesized after surgery (isotopic radioactive labelling)
Right-hand panels show the results of the differential analysis and the spot numbers referred to in the text and Table 2 .
C 2005 The Biochemical Society that disappeared (c1802 and c2804), both identified as α-actinin (Table 2) .
Liver
The isotopic proteomic analysis detected 20 differentially expressed liver proteins after surgery (nine decreased and eleven increased). However, the standard Coomassie staining detected only nine spots (two decreased and seven increased; Figure 5 ). MS analysis identified only two of these spots (Table 2) : r4601 (protein disulphide isomerase A3) and r2201 (regucalcin).
Serum
Both standard Coomassie staining and isotopic labelling detected approximately the same number of differentially expressed proteins in serum, 13 and 11 respectively ( Figure 6 ). The isotopic analysis found the expression of two spots that were decreased and nine spots that were increased, whereas the standard analysis detected one spot that was decreased and 12 spots that were increased. All the differentially expressed proteins detected by Coomassie staining were detected by radiolabelling, whereas two spots (r2601 and r7504) were detected only by the radioactive method ( Figure 6 ). Most proteins increased or appeared after surgery, whereas only one decreased (r5002) and another disappeared (r8403/c8403). Ten spots were identified by MS (Table 2) , corresponding to eight different proteins.
DISCUSSION
Using RAP-PCR (Table 1) , we found five mRNAs that were increased in liver (CPS1, contrapsin-like protease inhibitor-related protein, haemopexin, GAPDH and serine protease inhibitor 2c) and three in muscle (profilin II, GAPDH and glutathione-dependent dehydroascorbate reductase). Proteomic differential analyses (Table 2 ) identified seven proteins that were increased in serum [transferrin, T-kininogen I precursor, albumin, α 1 -antitrypsin, α 1 -acid glycoprotein, haptoglobin, myosin heavy chain (cardiac muscle β isoform)] and one which disappeared (serine protease inhibitor 2). Two altered proteins that were found in liver, protein disulphide isomerase and regucalcin, both increased. Two differentially expressed proteins were also identified in muscle: β-enolase (increased) and α-actinin (disappeared).
Metabolic interpretation
Muscle
Standard proteomic analysis detected a loss of highmolecular-mass α-actinin in muscle. The disappearance after surgery of α-actinin, whose role is to bundle actin in the z-disk, maintaining the myofibrillar structure [22, 23] , is an indication of myofibrillar breakdown and suggests that α-actinin could be a potential marker of muscle breakdown. Additional evidence was provided by increased profilin II mRNA expression, which plays a key role in the control of actin turnover [24] .
There was also an increase in glutathione-dependent dehydroascorbate mRNA expression. Dehydroascorbate reductase is now recognized as the intrinsic activity of thioltransferase and protein disulphide isomerase in animal cells [25] . This enzyme catalyses the reaction of dehydroascorbate, which reversibly inhibits protein breakdown, to ascorbate. Overexpression of dehydroascorbate reductase may decrease dehydroascorbate concentration, favouring muscle proteolysis [26] .
We found increased β-enolase protein content and GAPDH mRNA expression in muscle. The rise in β-enolase, a glycolytic enzyme found in sarcoplasm [27] and responsible for 90 % of enolase activity in muscle [28] , and GAPDH, the key enzyme for the regulation of anaerobic glycolysis, can be explained by the increase of energy required to maintain the elevated protein breakdown produced in muscle during the stress response. However, GAPDH expression can be induced by several physiological factors in certain cell types [29, 30] , and has recently been suggested to be quite versatile and to play diverse roles in living systems [31] .
Liver
Two of the differences identified in this tissue are to proteins that have been reported as being housekeeping proteins: protein disulphide isomerase A3 (detected as differentially expressed protein) and GAPDH (detected as differentially expressed mRNA). Protein disulphide isomerase A3 participates in the correct folding of nascent proteins [32] and increases in stress situations, such as hypoxia [33] . GAPDH is the key enzyme in the regulation of anaerobic glycolysis, although, as described above, other functions have been attributed to it, ranging from membrane fusion to DNA repair [34, 35] . The increase observed in GAPDH mRNA was probably related to its role as a glycolytic enzyme. In the response to injury, protein synthesis in the liver must increase to export acute-phase proteins to the blood. This intensified synthesis activity requires a parallel rise in energy production and, thus, an increase in glycolytic processes.
CPS1 (carbamoyl phosphate synthetase 1) is an initial enzyme in the urea synthetase system, existing exclusively in liver cells and small intestine epithelial cells. In man, increased liver uptake of gluconeogenic plasma amino acids and a parallel increase in hepatic ureagenesis has been described after surgery [36] . Increases in CPS1 mRNA support the increased liver gluconeogenesis from blood amino acids, largely released from skeletal muscle.
Regucalcin is a calcium-binding protein that participates in calcium signalling regulation and other regulatory functions [37] . Although it is synthesized in Table 2 Identification of differentially expressed proteins detected by proteomic analysis 48 h after surgery
The numbers in the isotopic and standard columns are the spot identification numbers generated by the analysis software, and indicate that changes in protein levels were found by isotopic (radioactively labelled, r) or standard (Coomassie stained, c) proteomic analysis respectively. When a spot number appears in both columns, it indicates that both methods detected a change in the protein level. In this case, the change in the protein level of the operated rat compared with the non-stressed control was calculated using the isotopic method. Identification of the spots was initially performed using MALDI-TOF MS but, if this failed, nanoelectrospray ionization (nESI) MS was used, as indicated. The likelihood of identification of the spots is expressed as a score and the number of peptides for MALDI-TOF MS and the peptide sequences for nESI MS. A high score indicates a more probable identification. In the identification of the haptoglobins, the MS spectra for spots c4102, c5101, c6101 and c7101 were identical, indicating that they were isoforms of the same protein. Of these, c5101 was analysed by nESI MS, resulting in the four peptides indicated. See Figures 4, 5 Right-hand panels show the results of the differential analysis and the spot numbers referred to in the text and Table 2 .
liver and kidney, plasma concentrations of regucalcin increase after carbon tetrachloride administration in rats [38] . Regucalcin is also related to nuclear regulation of regenerating liver [39] .
Serum
Most serum proteins are synthesized and secreted by the liver, and changes in the concentration of these proteins would reflect either alterations in hepatic synthesis and secretion of proteins or alterations in tissue uptake. Isotopic and standard proteomic analyses gave similar results for the differentially expressed proteins, implying that they underwent rapid turnover or were of low abundance, or even non-existent, in control rats, as shown in the standard Coomassie-stained 2D map of serum proteins ( Figure 6 ). The fact that the differentially expressed proteins were of low abundance in control rats suggests that they are not housekeeping proteins, but are specifically synthesized to cope with the insult. Most of the differentially expressed serum proteins found in the present study (α 1 -antitrypsin, haptoglobin, transferrin, α 1 -acid glycoprotein and T-kininogen-1 precursor) are well known acute-phase proteins, classically related to local inflammatory processes or to the stress response. Only one protein disappeared in serum from stressed rats, contrapsin-like-protease inhibitor 1 (serine protease inhibitor 2). Differential expression of liver mRNA showed an increase in contrapsin-like-protease inhibitor-6 (serine protease inhibitor 3) and haemopexin, which are secreted to the blood; nevertheless, proteomic analysis failed to detect them in serum.
Haptoglobin and haemopexin have a similar role, defence against oxidative damage produced by the release of haem iron, and a secondary role as iron recyclers. Haptoglobin binds to haemoglobin, preventing iron loss through the kidneys and protecting them from damage by haemoglobin, while making the haemoglobin accessible to degradative enzymes [40, 41] . Haemopexin binds haem and transports it to the liver for breakdown and iron recovery. A decrease in plasma haemopexin indicates recent release of haem [42] . Surgical insult plus blood loss produces a certain amount of haemolysis and release of free haem iron into the bloodstream. Although the increased haptoglobin synthesis can be explained by this mechanism, the decreased haemopexin mRNA observed is not clearly understood.
Another group of related proteins expressed differentially in our stressed rats includes α 1 -antitrypsin, contrapsin-like-protease inhibitor 1 (serine protease inhibitor 2), and contrapsin-like-protease inhibitor-6 Right-hand panels show the results of the differential analysis and the spot numbers referred to in the text and Table 2 .
(serine protease inhibitor 3) mRNA. These proteins are SERPINs (serine protease inhibitors), a group of structurally related proteins, which, in addition to their common enzymic activity, share a characteristic mechanism of action that has been termed 'molecular mousetrap' [43, 44] . This mechanism, which implies disruption of the active site of the protease and its irreversible inactivation, is used, in our experimental context, as a means of controlling the stress response. The metabolic events that characterize the response to injury are, among others, inflammation, hypercoagulation and immune activation. Proteolytic cascades involving serine proteases activate these processes. The role of SERPINs is to limit the extent of the proteolytic cascades and to shut them down when the triggering stimuli disappear [43] . Another protein related to the proteolytic cascades and found to be increased in stressed rats was T-kininogen-1 precursor, the major kininogen in rat plasma. This protein is hydrolysed by trypsin, a serine protease, to the vasoactive peptide T-kinin, with a vasodilator action similar to bradykinin and kallidin [45, 46] . Conversion of T-kininogen into T-kinin by the serine protease trypsin is regulated by SERPINs, mainly α 1 -antitrypsin, which was also increased in stressed rats. These data suggest considerable activation of the kininogen-kinin system, including activators and inhibitors.
The metabolic function of α 1 -acid glycoprotein or orosomucoid, a lipocalin family protein, is not fully understood. It is known to participate in modulation of the immune system during the acute-phase reaction and has been related to wound healing [47] [48] [49] .
Albumin was also altered by stress in the present study. A new spot, identified as albumin and absent in the control rats, was detected in stressed rats. Albumin is usually determined as a whole, and it is considered a negative acute-phase protein. Our results reveal the possible implication of albumin isoforms in the stress response. Detailed study of albumin isoforms could provide significant information on the metabolic function of albumin in the response to injury.
Myosin heavy chain-β is not a normal component of serum or an acute-phase protein in the conventional sense of proteins related to inflammatory processes. Nonetheless, it is frequently found in the serum of patients with cardiac injury [50] . The appearance of this protein in the serum of our stressed rats could indicate cardiac involvement caused by the surgical trauma or, more probably, by blood loss during the experimental stress procedure.
Validity and usefulness of the experimental approach
The methods used in the present study have shown a general ability to detect the low-abundance proteins. However, several of the differentially expressed proteins, particularly in liver, were not identified by either MALDI-TOF MS or nanoelectrospray ionization MS/ MS. Most of these protein spots did not produce the minimal number of tryptic peptides needed for peptide mass fingerprinting identification. In most cases, this could reflect a low abundance of these proteins in the gel, although other technical reasons could also contribute to the lack of peptide signals. For example, highly glycosylated proteins have been reported to be hard to digest due to steric protection of chain modifiers. Some proteins could not be identified even when four or more signals were detected by peptide mass fingerprinting or when apparently good MS/MS spectra from one or more of their tryptic peptides were obtained. In this respect, it is important to highlight that the identification processes of these two methods rely on accurate knowledge of the genome. Whereas mouse and human genomes have been fully reported, the rat genome is far less well-defined, thus explaining the lack of positive matches in the identification procedure.
There are substantial differences between the transcriptomic and proteomic approach regarding the results. None of the differentially expressed proteins was detected simultaneously by RAP-PCR and proteomic analyses. There was no correlation between the differentially expressed proteins and mRNAs found. This is due mainly to the dissimilar characteristics of the methods: the proteomic approach has a bias towards high-concentration (standard, Coomassie-stained) or high synthesis rate (isotopic, radioactive labelling) proteins, whereas RAP-PCR selects mRNA in a truly random way, depending on the primers used. Thus the two techniques select different sets of proteins, thereby complementing each other rather than producing redundant data.
Although radioactive labelling is a common procedure to trace protein metabolism, we used it in the present study as a method to increase the signal-to-noise ratio. We attempted to enhance detection of newly synthesized proteins after surgery, and reduce the background of slow turnover pre-existing proteins. The isotopic proteomic analysis presented is not intended as a measure of the protein synthesis rate. However, it provides a certain amount of information about protein turnover. This was evident in muscle, where most of the proteins were not radioactively labelled, indicating that the majority were synthesized before surgery. Thus the reduction in the protein abundance observed by standard proteomic analysis after surgery in muscle would be caused by an increase in protein breakdown not by a decrease in synthesis.
Conclusions
In a surgically stressed rat model, we found increased expression of liver proteins specifically synthesized to participate in the stress response and secreted into the bloodstream for systemic action. We also found increased liver proteins associated with the glycolytic processes and proteins that participate in the folding of nascent proteins and refolding of damaged ones, outlining the participation of the liver in the stress response. The role of skeletal muscle protein as amino acid donors to synthesize stress proteins and glucose to maintain these processes was confirmed by the decrease in high-molecular-mass myofibrillar proteins. Combined interpretation of differential RAP-PCR, standard proteomic analysis and isotopic proteomic analysis provides complementary information on differentially expressed proteins.
